
d 

z 


-LOAN COPY: RETURN TO 
&=widTECHNICAL LIBRAR', 

KlWTLAlVD AFB, PI, wq 

SELECTED FRETTING-WEAR-RESISTANT COATINGS 
FOR TITANIUM - 6-PERCENT-ALUMINUM 
4-PERCENT-VANADIUM ALLOY /-

Robert C. Bill 	 i 
1 

Lewis Reseurch Center 
Cleuelund, Ohio 44135 

N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. APRIL  1976 

c 



TECH LIBRARY KAFB, NM 

Illllll11111Ill11lllllIlllllllll111111111111 
.~ 0133773 

1. Report No. I 2. Government Accession No. 3. Recipient's Catalog No. 

9. Performing Organization Name and Address 

Lewis Research Center 

National Aeronautics and Space Administration 

Cleveland, Ohio 44135 


2. 	Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

5. Supplementary Notes 

_ _ 
6. Abstract 

10. Work Unit No.
~ 

505-04 
11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Note 
14. Sponsoring Agency Code 

A titanium - 6-percent-aluminum - 4-percent-vanadium alloy (Ti-6Al-4V) was subjected to 
fretting-wear exposures against uncoated Ti-6A1-4V as a baseline and against various coatings 
and surface treatments applied to Ti-6Al-4V. The coatings evaluated included plasma-sprayed 
tungsten carbide with 12 percent cobalt, aluminum oxide with 13 percent titanium oxide, chrom
ium oxide, and aluminum bronze with 10 percent aromatic polyester; polymer-bonded polyimide, 
polyimide with graphite fluoride, polyimide with molybdenum disulfide (MoS2), and methyl phenyl 
silicone bonded MoS2; a preoxidation surface treatment, a nitride surface treatment, and a sput
tered MoS2 coating. Results of wear measurements on both the coated and uncoated surfaces 

after 3x105 fretting cycles indicated that the polyimide coating was the most wear resistant and 
caused the least wear to the uncoated mating surface. 

7. Key Words (Suggested by Author(s)l 18. Distribution Statement 

Fretting Coatings Unclassified - unlimited 
Fretting wear Surface treatments STAR Category 26 
Titanium alloy 

.- ~ .~ .- . 

19. Security Classif. (of this report) 1 20. Security Classif. (of this page) 21. No. of Pages 22. Price' 

Unclassified Unclassified 24 $3.25 



SELECTED FRElllNG-WEAR-RES ISTANT COATINGS FOR TITANIUM 

6- PERCENT- A LUMlNUM - 4-PERCENT- VANAD I U M  ALLOY 

by Robert C. Bill 

Lewis Research Center 

SUMMARY 

A titanium - 6-percent-aluminum - 4-percent-vanadium alloy (Ti-6Al-4V), in the 
solution-treated overaged condition, was  subjected to fretting exposures against un
coated Ti-6Al-4V as a baseline and against various coatings and surface treatments ap
plied to Ti-6Al-4V. Fretting experiments were conducted in dry air and in saturated air 
by using a 4.7-millimeter-radius hemisphere on a flat surface. Typical conditions in
cluded a 1.47-newton normal load, an 80-hertz frequency, and a 70-micrometer ampli
tude at room temperature. The coatings evaluated included plasma-sprayed tungsten 
carbide with 12 percent cobalt, aluminum oxide (A1203) with 13 percent titanium oxide 
(Ti02), chromium oxide, and aluminum bronze with 10 percent aromatic polyester; 
polymer-bonded polyimide, polyimide with graphite fluoride, polyimide with molybdenum 
disulfide (MoS2), and methyl phenyl silicone bonded MoS2; a preoxidation surface treat
ment, a nitride surface treatment; and a sputtered MoS2 coating. Results of wear meas
urements on both the coated and uncoated surfaces after 3x105 cycles indicated that the 
polyimide coating was  the most wear resistant and caused the least wear to the uncoated 
surfaces. Increased exposure, however, showed a sharp increase in fretting wear rate 
after 106 cycles. Surface nitrided Ti-6A1-4V fretted against a polytetrafluoroethylene 
impregnated A1203-Ti02 coating on Ti-6Al-4V resulted in immeasurable wear to both 
surfaces. 

INTRODUCTION 

Bolted interfaces, pinned joints, spline couplings, and gripped components are part 
of many aircraft structural and engine assemblies. Vibrations, fluctuating major loads, 
and misalinements between rotating components, inherent in any aircraft, promote small 
amounts of oscillatory slip between mating surfaces with the result that fretting is a po
tential problem at all interfaces. There are two significant consequences of fretting. 



First, the loss of specified interfacial fits o r  clearances due to fretting wear can lead to 
increases in vibrational amplitudes and ultimate component failure, possibly at a loca
tion remote from the site of the fretting wear. Second, there is the possibility of direct 
reduction in fatigue strength of components in an assembly due to fretting action at the 
interfaces. The fatigue strength reduction arises because fretting wear promotes crack 
initiation at the mating surfaces. Depending on the stress state of the fretted compo
nents, the cracks initiated may propagate to cause early failure. 

An important material used in many airframe and engine applications is the 
titanium - 6-percent-aluminum - 4-percent-vanadium alloy (Ti-6Al-4V). Usually this 
alloy is used in a hardened condition, in which it is prone to accelerated fatigue failure 
due to surface flaws. The effect of fretting on the fatigue strength of Ti-6Al-4V was 
studied (refs. 1and 2), and in general fretting severely reduced the fatigue life. 

The purpose of this report is to establish the fretting-wear behavior of Ti-6Al-4V 
and to evaluate various coatings as fretting wear inhibitors for this alloy. Plasma-
sprayed coatings, polymer -bonded coatings, and some surface treatments were ex
amined. Experimental combinations consisted of an uncoated Ti-6Al-4V hemisphere 
fretted against a coated o r  treated flat surface. The plasma-sprayed coatings included 
cobalt (Co)-bonded tungsten carbide (WC), an aluminum oxide (A1203) - titanium oxide 
(Ti02) composite, chromium oxide (Cr203), and aluminum bronze with 10 percent aro
matic polyester (Ekonol). The polymer-bonded coatings examined were 100 percent 
polyimide, polyimide with 60 weight percent graphite fluoride, polyimide with 75 weight 
percent molybdenum disulfide (MoS2), and a methyl phenyl silicone bonded MoS2 with 
antimony trioxide (Sb203). The surface treatments that were evaluated included pre
oxidation, surface nitride formation, and sputter-coated MoS2. 

Room-temperature dry air and saturated air and varied load, fretting exposure 
(number of cycles), and temperature were used in evaluating the material combinations. 
Fretting-wear measurements made on both the coated o r  treated surface and the un
coated surface were the primary means of evaluation. In addition, microscopic exam
ination of fretting surface damage was conducted. 

APPARATUS 

A schematic diagram of the fretting rig is shown in figure 1, and a detailed descrip
tion of its operation is included in reference 3. In essence, a linear oscillatory motion 
is provided by an electromagnetically driven vibrator with the frequency controlled by a 
variable oscillator. The load is applied to the specimens by placing precision weights 
on a pan which is hung from the load arm. 

The fretting specimens consist of an upper, sationary, 4.76-millimeter-radius, 
hemispherical tip in contact with a lower flat surface which is driven by the vibrator. 
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During high-temperature experiments, the specimens and grip assemblies were 
surrounded by a 310 stainless steel susceptor which was  heated by an induction coil. 
The temperature was monitored by a thermocouple probe mounted in the lower grip. 

A dry air environment was  provided by flowing air through an absorption drier and 
then into the experimental chamber. In this way moisture content was kept in the range 
10 to 100 parts per million. When a moisture-saturated environment was desired, the 
air was  bubbled through a water-filled column and then blowed into the chamber. 

PROCEDURE 

The preparation of the specimen surfaces before a fretting experiment depended on 
the type of coating or surface treatment applied to the surface. 

The bare Ti-6Al-4V surfaces were hand lapped with levigated alumina and then 
washed in tap water with a polishing cloth to remove the alumina. Following the washing 
the specimens were rinsed in absolute ethanol, rinsed in distilled water, and then set 
aside to dry. 

The flat plasma-sprayed surfaces were  machine lapped, with approximately 75 to 
105 micrometers (3 to 5 mils) of coating being removed in the process. In this way the 
very rough abrasive as-sprayed coating was  smoothed so that, disregarding the surface 
pores, the root-mean-square roughness of the coating was about 0.5 micrometer 
(20 pin.). The lapped surface was then ultrasonically cleaned in absolute ethanol, 
rinsed in ethanol, rinsed in distilled water, and allowed to dry. 

The surfaces with polymer-bonded coatings and those with the various surface treat
ments were washed in tap water, rinsed in ethanol, and rinsed in distilled water before 
being subjected to fretting. 

Following the surface preparation treatment, the specimens were assembled into 
the grips according to the desired combination, but always with the uncoated Ti-6Al-4V 
hemisphere in the upper grip and either a coated or  an uncoated Ti-6Al-4V flat surface 
in the lower grip. The test chamber was then purged with the selected atmosphere (dry 
air or  saturated air) for 1 5  minutes. If the experiment was to be conducted at elevated 
temperature (150' or  300' C), the heating period was simultaneous with the purge. 

The fretting exposure was initiated by adding the required weight to the load pan to 
bring the contact force to the desired level, usually 1.47 newtons. The amplitude of the 
fretting motion was  70 micrometers (0.00275 in.), and the frequency of the fretting mo
tion was 80d.2 hertz. The standard duration of the fretting exposure was 3x105 cycles 
(1hr). 

Following each fretting experiment, the fretting scars on both surfaces were photo-
micrographed to record the size and features of the wear scars and the debris accumu
lation. The loose debris w a s  then rinsed off with ethyl alcohol, and a light-section 
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microscope was used to measure the maximum depth and diameter of the wear scars on 
both surfaces. Wear  volumes were  calculated by applying spherical cap approximations 
to the wear scar geometry. 

In principle, the light-section measurement technique consists of directing a plane 
beam of light obliquely (with a 45' angle of incidence) at the specimen surface. The re
flected light beam is viewed through an optical microscope. If a plane surface is viewed, 
the light beam appears as a straight line across the field of view; if a hemispherical 
surface is viewed, the light beam appears as a smooth curve. Wear  or  surface distress 
due to fretting action shows up as deviations from the smooth profile of the surrounding 
surface. With the surrounding surface profile used as the datum, wear  depth measure
ments may be made by means of a built-in crosshair system. The diameter of the wear 
area may be measured by manipulation of an indexed micrometer stage translation. 
W e a r  depth measurements are accurate to within 0.5 micrometer, and diameter mea
surements are accurate to about 20 micrometers. The smallest wear scars  examined in 
this investigation had a nominal depth of about 0.5 micrometer and a diameter of roughly 
80 micrometers. Thus, these wear  scars  represented the practical limit of resolution 
for the light-section technique, with an uncertainty in wear volume resulting from mea
surement of about 50 percent. The wear  volume uncertainty due to measurement tech
niques for the typical wear  scars  in this investigation was  of the order of 10 percent. 

MATERIALS 

The Ti-6Al-4V used in this investigation was in the solution-treated overaged con
dition, so that the Rockwell-B hardness was 108. 

The plasma-sprayed coatings, Co-bonded WC, A1203 with Ti02, Cr203, and ah 
minum bronze, were all applied to an initial thickness of 250 micrometers (0.010 in. ); 
they had an estimated density, based on the experience of the supplier, of over 95 per
cent. The Co-bonded WC consisted of 12 weight percent Co binder; the A1203-TiOZ 
composite contained 13 weight percent TiOZ; and the aluminum bronze coating was a 
copper - 10-percent-aluminum bronze with 10 percent by volume of an aromatic poly
ester cosprayed with the aluminum bronze. With the exception of the aluminum bronze, 
the plasma-sprayed coatings are characterized as hard, protective, wear-resistant 
coatings. 

Solution-sprayed surface coatings of polyimide without additives, polyimide with 
60 weight percent graphite fluoride, and polyimide with 75 weight percent MoS2 were 
evaluated. The application procedure is described in detail in reference 4. Briefly, 
the coatings were applied to a f i n a l  thickness of about 20 micrometers, baked for 1hour 
at 100' C to volatilize the thinner, and then baked for 1hour at 300' C to cure the poly
mer. The choice of polyimide as a binder w a s  based on its combination of mechanical 
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strength and low friction and wear (ref. 5). Graphite fluoride was investigated as a 
solid lubricant and was very effective in a polyimide binder under unidirectional sliding 
conditions (refs. 4 and 6). 

The sprayed methyl phenyl silicone bonded MoS2 film was  originally formulated as a 
wear-resistant coating requiring no elevated temperature curing (ref. 7). In addition to 
MoS2, the film included an Sb203 additive as an oxidation stabilizer. The methyl phenyl 
silicone bonded film has been an effective wear-resistant coating for titanium alloys. 

The preoxidation treatment consisted of heating the Ti-6Al-4V in room air to 650' C 
for 1 -1 hours. No softening of the alloy accompanied the preoxidation, as the overaging

2 
treatment had been carried out at 700' C. The oxide film formed was  measured to be 
2 micrometers thick. 

The nitride layer was  applied to the surface by means of a vapor diffusion process in 
which ammonia was the active gas. The treatment temperature was approximately 
540' C, and the process lasted about 24 hours. Since the nitride layer w a s  diffused, the 
thickness was  difficult to specify. After treatment, the nitrided surface exhibited a 
bright yellow color. 

The sputtered MoS2 coating was  deposited by a radiofrequency sputtering process, 
the details of which are  described in reference 8. The advantages of radiofrequency 
sputtering as a deposition process include microstructural control, tenacious bonding, 
and the attainment of nearly theoretical density. The coating applied was between 0.4 
and 0. 5 micrometer thick. 

RESULTS AND DISCUSSION 

Titanium- Aluminum -Vanadium Alloy 

Figure 2 shows the wear volume as a function of the number of cycles for uncoated 
Ti-6Al-4V fretted against uncoated Ti-6Al-4V. An average curve drawn through the 
values for wear volume has a shape similar to that for high-purity titanium in refer
ence 9. There is an initial period of high fretting-wear rate followed by a plateau, re
ferred to as a conditioning period by Hurricks (ref. 10). The plateau in figure 2 is less 
pronounced than the one in reference 9. Finally, the wear rate increases again after 
3x105 to 106 cycles. 

The conditioning period is described in reference 10 as being a period of mechanical 
fatigue in the work-hardened contact zone. This description is supported by micro
scopic examinations made in the study of reference 9, in which fatigue-initiated spall 
pits were first observed during the conditioning part of the fretting exposure. The f i n a l  
increased wear  rate, or  steady-state wear as it is called in the literature, is currently 
believed to be the result of corrosion-zssisted disintegration of the heavily fatigued con
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tact zone (refs. 10 to 12). 
The sequency of photographs in figure 3 shows that the final increase in wear rate 

is accompanied by the generation of large amounts of debris. The effect is consistent 
with the observation made in the study of reference 9, that debris particles originated 
from the disintegration of the edges of fatigue spall pits. Such spall pits may be seen in . 

figure 3(d), taken after 3x105 fretting cycles. The generation of spall pits proceeds by 
crack initiation and propagation. The implication is that the fretting process provides a 
mechanism of direct crack initiation which can lead to accelerated fatigue failures under 
adverse stress conditions. 

A major difference between the fretting behavior of high-purity titanium (ref. 9) and 
that of Ti-6Al-4V is the number of cycles required before the final onset of steady-state 
wear occurred. For pure titanium 3x104 cycles were required, and for the alloy 3x105 

cycles. This difference can be accounted for  by the greater mechanical strength of the 
alloy. A larger number of fretting cycles was required to develop the fatigue damage 
that set the stage for  debris generation and increased wear. 

The effect of normal load on the fretting wear  of Ti-6Al-4V was also investigated. 
No measurable wear was observed after 3x105 cycles under 0.74- and 0.29-newton 
loads. The wear  under a 1.47-newton load after 3x105 cycles was  10X10'5 to 20X10-5 
cubic millimeter. Under a 2.94-newton load seizure occurred, and a meaningful wea r  
measurement could not be made. 

After fretting exposures of 3x105 cycles at temperatures of 150' and 300' C, the 
wear  volumes were, respectively, 2 and 2.5 times greater than that resulting from 
room-temperature fretting. This trend is in general agreement with that observed for 
high-purity titanium up to about 500' C (ref. 13). The effect is thought to be caused by 
an increased rate of breakdown of the wear scar surface under the influence of the more 
reactive (higher temperature) environment. At temperatures up to at least 300' C, the 
thin oxide film that forms on Ti-6Al-4V is not effective in reducing wear. 

Plasma-Sprayed Coatings 

From the standpoint of minimizing damage to the opposing uncoated Ti-6Al-4V sur
face, the aluminum bronze with the aromatic polyester was the most effective of the 
plasma-sprayed coatings (fig. 4(a)). The sprayed aluminum bronze and aromatic poly
ester may be considered a sacrificial coating because most of the wear occurred to the 
coating itself rather than to the opposing uncoated Ti-6Al-4V surface. A s  such, the 
coating should be applied to the surface opposing the wear-critical or  fatigue-critical 
surface. 

The remaining three plasma-sprayed coatings, WC-Co, A1203-Ti02, and Cr203, 
may be  considered hard, protective, wear-resistant coatings. Coatings such as these 
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should be applied to the wear-critical o r  fatigue-critical surface, but with some caution. 
It is often observed that a significant reduction in the fatigue strength of the substrate 
material accompanies the application of a hard coating even without the incidence of 
fretting or other surface distress (ref. 14). This effect must be weighed against the re
duction in fatigue strength associated with surface distress caused by fretting (refs. 1 
and 2). A decision may then be made as to whether a fretting-wear-resistant coating 
would be beneficial in a fretting-fatigue situation. 

The most wear resistant of the hard coatings was the A1203-Ti02 (fig. 4(b)). It was  
also the least sensitive of the hard plasma-sprayed materials to the presence of mois
ture. The maximum wear  scar depth on the coating was measured to be 3 micrometers 
under dry air conditions and 1 micrometer under moisture-saturated conditions. The 
wear  scars  resulting from fretting A1203-Ti02-coated Ti-6Al-4V against uncoated Ti
6Al-4V are shown in figure 5. Under both dry air and moisture-saturated air conditions, 
two-shaded gray fretting debris was generated, as happened when Ti-6Al-4V was  fretted 
against Ti-6Al-4V. The bulk of the debris was  thus considered to have come from the 
Ti-6Al-4V surface. 

As may be seen in figure 4(a), the A1203-Ti02 coating produced the least fretting 
wear volume of the hard plasma-sprayed coatings on the unprotected Ti-6Al-4V surface. 
The wear scar on the uncoated Ti-6Al-4V surface after fretting against the A1203-Ti02 
coating is shown in the light-section photograph of figure 6(a). There is evidence of 
pitting and surface roughening due to abrasive interaction with the hard coating. 

In comparison, the wear  scar resulting from fretting against the WC-Co coating, 
shown in figure 6(b), is much smoother. This difference is believed to be the result of 
two effects associated with the cobalt binder in the WC-Co. First, the cobalt has been 
observed under unidirectional sliding conditions to mitigate the abrasive action of hard 
ceramic particles by forming a thin metallic film (ref. 15). Second, the cobalt binder 
would be expected to show that cobalt has associated with it properties of low adhesion 
(ref. 16). Together these two effects would reduce the amount of abrasive wear and pre
vent adhesive damage and metal transfer. 

The performance of the A1203-Ti02 coating was  improved from the standpoints of 
wear and fretting-induced surface distress when the coating was impregnated with 
Teflon (fig. 6(c)). When the mating Ti-6Al-4V surface w a s  subjected to a nitride treat
ment, the wear  to the A1203-Ti02-coated surface and the wear to the nitrided surface 
were both immeasurable (figs. 6(d) and (e)). The nitride seemed to be intact over about 
70 percent of the fretted surface. 

Polymer-Bonded Coatings 

In comparison with the plasma-sprayed coatings, the polymer-bonded coatings are 
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soft, low-modulus materials. They would therefore be expected to work most effective
ly when applied as wear buffer o r  self-lubricating coatings. The most significant wear 
measurement would then be the wear  to the uncoated mating surface. Wear to the coat
ings themselves would be indicative of the relative coating lives. 

Figure 7 summarizes the performance of the polymer-bonded films. The wear 
measurements made on the uncoated surfaces (fig. 7(a)), with bare Ti-6Al-4V against 
bare Ti-6Al-4V as a baseline, show that a significant reduction in fretting wear was re
alized for all the films. For  the polyimide-bonded films, no improvement over the 
straight polyimide resulted when the solid lubricants graphite fluoride and molybdenum 
disulfide were added to the films. The presence of moisture increased the wear of the 
uncoated surface by a factor of 2 to 3 for the polyimide-bonded films, except for the 
film with the MoS2 additive, which reduced wear by a factor of about 3. It would thus 
seem that the M0S2 in the film somehow mitigated the adverse effect that moisture would 
have on the fretting of the titanium alloy, perhaps by acting as a moisture getter at the 
interface. 

The wear to the polymer-bonded films is summarized in figure 7(b). The most 
significant observation is that the wear of the polyimide films increased by a factor of 
about 3 in dry air and 2 in moist air with the addition of solid lubricant additives. The 
wear  of the silicone-bonded film w a s  about two orders of magnitude higher than that of 
the polyimide films in dry air, but in moist air the difference in wear was less than an 
order of magnitude. 

Figure 8 shows the fretting wear of the polymer-bonded films as a function of fret
ting exposure. The most apparent feature of the polyimide-bonded films is the increas
ing wear  rate with extended exposure, especially for films with additives. This is sug
gestive of a fatigue mechanism exacerbated by the presence of discrete lubricant par
ticles. Even after 106 cycles, none of the polyimide-bonded films had been penetrated. 
A thin, smeared film of polyimide, with distinct lenticular-shaped deformation features, 
shown in figure 9, remained on the Ti-6Al-4V surface. 

The methyl phenyl silicone bonded MoS2 film wore at a uniform rate up to about 
3x105 cycles, as may be seen in figure 8. Beyond this exposure the apparent coating 
wear rate decreased significantly. Microscopic examination revealed, however, that 
film penetration had occurred after some number of cycles between 105 and 106. Fig
ure 10 reveals the exposure of the Ti-6Al-4V substrate after 106 cycles, with the gen
eration of characteristic oxidized debris. 

A direct comparison of the polyimide-bonded films with the methyl phenyl silicone 
bonded film is difficult. The polyimide coatings were more durable in both dry and sat
urated air, but since the coating wear mechanism for all the polymer-bonded films in
volved plastic flow of the coating under the concentrated contact, the relative coating 
wear rate differences might be less significant under conforming contact applications, 
in which the flow would be constrained. Also, the relative influence of moisture on the 
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two types of coatings should be considered. Perhaps with prolonged fretting exposure 
(>3x105 cycles) in moist air, the wear of the polyimide- and silicone-bonded coatings 
would be similar. A f i n a l  important consideration for certain applications is the fact 
that the methyl phenyl silicone bonded film was cured at room temperature, while the 
polyimide-bonded film application involved a high-temperature cure. 

Preoxidation, Nitride, and Sputtered Molybdenum Disulfide Surface Treatments 

As may be seen in figure 11, a slight increase in the amount of wear  to the untreat
ed Ti-6Al-4V hemisphere occurred when it was fretted against preoxidized Ti-6Al-4V 
in dry air. Transferred material was observed on the preoxidized specimen surface. 

When fretting was conducted in a moisture-saturated environment, the preoxidation 
treatment resulted in a very large reduction in wear to the untreated hemisphere. 
Furthermore, there was  a large reduction in the amount of material transferred to the 
preoxidized surface. 

Figure 12 shows the wear volume measured on untreated Ti-6Al-4V as a function of 
the number of fretting cycles against preoxidized Ti-6Al-4V. As  a baseline, the wear 
volumes from figure 4 are also shown. The baseline wear  rate after about lo5 cycles 
was higher than the wear rate for the untreated surface against the preoxidized surface. 
Thus, even in dry air some reduction in wear to the untreated surface might result 
from preoxidizing the Ti-6Al-4V mating surface if fretting exposures are prolonged 
(more than 106 cycles). The maximum wear to the preoxidized hemisphere after 106 

cycles in dry air was only about lom4cubic millimeter. 
The results obtained for the nitride surface treatment were similar to those for the 

preoxidized treatment. In both cases, the wear  to the untreated specimen was  greater 
in dry air than in moisture-saturated air, and the magnitudes of the wear volumes were 
about the same. 

The sputtered MoS2 film effectively eliminated fretting damage to the uncoated 
mating surface in dry air for exposures of 3x105 cycles (fig. 11). The coated specimen 
also suffered relatively mild damage in dry air with no transfer from the uncoated sur
face observed. In moisture-saturated air, however, both the sputtered MoS2 surface 
and the uncoated surface showed considerable fretting damage after 3x105 cycles. 

The features present on the wear scar surfaces of the sputtered-MoS2 specimens 
after fretting in moist air were markedly different from those present after fretting in 
dry air. After 3x105 cycles in moist air, the fretted surface (fig. 13(a)) showed all the 
evidence of being in the f i n a l  stage of the fretting process. Specifically, the surface had 
the leafy o r  layered quality associated with the steady-state debris generation and sur
face cracking mechanisms of fretting. X-ray dispersion revealed no peaks that could 
be associated with MoS2. In contrast, the fretted surface resulting from 3x105 cycles 
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in dry  air (fig. 13(b)) showed very little distress. Thin sheets of material transparent 
to the scanning electron microscope (SEM)beam, probably sheets of MoSZ, could be 
seen on the surface. The Ti-6Al-4V substrate underwent only mild damage character
istic of the very first stages of fretting wear, during which localized adhesion and de
formation are the dominant mechanisms. The presence of MoSZ was detected by X-ray 
dispersion analysis. Up to at least 3x105 cycles in dry air the sputtered MoS2 effective
ly prevented fretting damage to the Ti-6Al-4V substrate. 

Progressive fretting exposure experiments indicated that in dry air the wear vol
umes on both the sputtered and the untreated surfaces increased by at least an order of 
magnitude at some number of cycles between 3x105 and 106. X-ray dispersion studies 
revealed that MoS2 was detectable on the wear scars for both specimens after 3x105 

cycles, but no trace was found after 106 cycles. Thus, the sputtered MoS2 coating life 
under the imposed fretting conditions was between 3x105 and 106 cycles. 

The results for all the coatings and surface treatments are summarized in figure 
14. Besides the fretting wear volumes after 3x105 cycles, other considerations includ
ing the qualitative nature of the fretting wear damage are important. Generally though, 
the wear measurements summarized in figure 14 are considered to be a fair overall in
dication of the relative performance of the various coatings and surface treatments. 

SUMMARYOF RESULTS 

A study was made of selected fretting-wear-resistant coatings for a t i t a rum - 6
percent-aluminum - 4-percent-vanadium alloy (Ti-6Al-4V). The following results 
were obtained: 

1. A polyimide coating (without additives) was the best of the sacrificial or  self-
lubricating coatings in both dry a i r  and moisture-saturated air. 

2. Plasma-sprayed aluminum oxide (Alz03) with 13 percent titanium oxide (Ti02) 
was  the best of the hard protective coatings evaluated from the standpoint of coating 
wear. A slight reduction in wear  to the uncoated Ti-6Al-4V surface was  observed with 
this hard coating. 

3. When the Al2O3-13TiOZ coating was impregnated with polytetrafluoroethylene 
and the mating surface was nitrided, wear  to both surfaces was reduced to a level be
low the measuring technique limit. 

4. Preoxidation and surface nitride treatment both resulted in wear-resistant sur
faces. W e a r  to the untreated surface was reduced in moist air. 
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5. Sputtered molybdenum disulfide effectively reduced fretting wear to both coated 
and uncoated surfaces in dry air. The benefit of the sputtered coating was lost in the 
presence of moist air, however. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, February 24, 1976, 
505-04. 
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Figure 1. -Fretting apparatus. 

13 




Data 

105 106 1o7 
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Figure 2. - Fret t ing wear volume a s  func t i on  of number  of cycles for  Ti-6AI-4V against 
Ti-6A-4V. Normal load, 1.47 newtons; frequency. 80 hertz; amplitude, 70 micro
meters; d r y  air ;  room temperature. 
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(a) After 104 cycles. (b) After 3x104 cycles. 

(c) After 105 cycles. (d) After 3x105 cycles. 

Figure 3. - Fretting wear scar sequence for Ti-6AI-4V against Ti-6AI-4V. Normal load, 1.47 newtons; frequency, 80 hertz; 
amplitude, 70 micrometers; dry air; room temperature. 
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(a) Uncoated Ti-6AI-4V. (b) Coated Ti-6AI-4V. 

Figure 4. - Frett ing wear of uncoated Ti-6AI-4V surfaces and mating surfaces wi th  various plasma-sprayed coatings after kld cycles. Normal 
load, 1.47 newtons; frequency. 80 hertz; amplitude. 70 micrometers; room temperature. 
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Uncoated Ti-6AI-4V A1203-Ti02 coated Ti-6AI-4V 

(a) Moisture-saturated air. 

(b) Dry air. 

Figure 5. - Wear scars resulting from fretting uncoated Ti-6AI-4V against A1203-13Ti02-coated Ti-6AI-4V for 3x105 cycles. 
Normal load, 1.47 newtons; frequency, 80 hertz; amplitude, 70 micrometers; room temperature. 
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. .  

(a) Ti-6AI-4V (hemisphere) after fretting against (b) Ti-6AI-4V (hemisphere) after fretting against (c) Ti-6AI-4V (hemisphere) after fretting against 
A12Q-TiQ. wc-co. polytetrafluoroethylene-impregnated A1203-Ti02 

(d) Polytetrafluoroethylene-impregnatedA1203-Ti02 (e) Nitrided Ti-6AI-4V after fretting against
after fretting against nitrided Ti-6AI-4V. polytetrafluoroethylene-impregnated A1203-Ti02. 

Figure 6. - Light-section surface profile micrographs of fretting wear scars after 3x105 cycles. Normal load, 1.47 newtons; frequency, 80 hertz; amplitude, 70 micrometers; 
dry air; room temperature. ;0~ r ya i r  
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Figure 7. - Frett ing wear of  uncoated Ti-6AI-4V surfaces and mating surfaces wi th  various polymer-bonded coatings after 3x16cycles. Normal 
load, 1.47 newtons; frequency, 80 hertz; amplitude, 70 micrometers; r w m  temperature. 
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10-4- .I 
Fretting exposure, cycles Figure 9. - Fretting wear scar on polyimde-coated Ti-6AI-4V after 3x105 cycles against 

Figure 8. - Frett ing wear volume as func t ion  of number of 
uncoated Ti-6AI-4V in  dry air. X327. 

cycles for various polymer-bonded coatings against u n 
coated Ti-6AI-4V. Normal load, 1.47 newtons; frequency, 
80 hertz; amplitude, 70 micrometers; d ry  air; room tem
perature. 
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(a) After 105 cycles. (b) After 106 cycles. 

Figure 10. - Methyl phenyl sil icone bonded MoS2 after fretting against uncoated Ti-6AI-4V. X35. 
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(a) Uncoated Ti-6AI-4V. (b) Treated surfaces. 

F igure 11. - Fret t ing wear to unt reated Ti-6AI-4V and to  surfaces w i th  var ious t reatments after 3x16 cycles. Normal 
load, 1.47 newtons; frequency, 80 her tz ;  amplitude, 70 micrometers; room temperature. 
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Figure 12. - Fretting wear wlume as function of number of cycles for untreated 
Ti-6AI-4V against preoxidized Ti-6AI-4V. Normal load, 1.47 newtons; frequency, 
80 hertz; amplitude, 70 micrometers; dry air; room temperature. 
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(a) Moist air. (b) Dry air. 

Figure 13. - SEM micrographs of fretting wear scars on sputtered-MoS2-coated Ti-6AI-4V after 3x105 cycles against uncoated 
Ti-6A I-4V. X1000. 
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(b) Coated Ti-6AI-4V. 

h3 Figure 14. - Fretting wear of uncoated Ti-6A-4V surfaces and mating surfaces with various coatings and surface treatments after %ldcycles. Normal load, 1.47 newtons; frequency, 
w 80 hertz; amplitude, 70 micrometers; room temperature. 
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